Water column conditions in a lagoon near Jeddah are investigated on the basis of changes in potential energy. Three major factors including balance of surface heat at the air-sea interface, wind and tidal mixing are considered. A negative potential energy change dv dt will develop stratification, whereas positive dv dt will tend to mix the water column. The tidal effect is greater in summer with wind mixing showing no great variations. The buoyancy effect of the heat balance at the surface is negative from April to October. This negative buoyancy effect will tend to develop stratification but the positive contributions of wind and tide counteract this and the water column remains mixed except in September and October, when a weak stratification may develop. Generally, the water column remains practically mixed throughout the year. The change in heat content of the water column from mid-April to mid-September is about 3.3 × 10 8 J. During this period the net heat input at the air interface is about 2.0 × 10 8 J, which is about 40% less than the 
heat content of the water column, showing that the heat is advected towards the central area from the shallower periphery of the lagoon.
Introduction
Water column conditions in coastal lagoons depend on a number of factors, including the balance of surface heat fluxes at the air-sea interface, the contribution of fresh water discharge or runoff, wind stress and tidal mixing (Simpson & Hunter 1974 , Simpson & Bowers 1981 , Bowers & Simpson 1987 , Simpson 1997 , Yanagi et al. 2001 , Buranapratheprat et al. 2008 . Positive surface heat flux and fresh water discharge strengthen the vertical stability, whereas tidal currents and wind stress increase water mixing and turbulence. However, these factors are modified in each area. Therefore, it is necessary to understand the controlling factors and their role in order to know the mechanism of water column stability in the area of interest.
The Red Sea ( Figure 1 ) lies in an arid zone where evaporation is very high > 2 m year −1 (Morcos 1970) there are no river discharges in the area. Many studies have been carried out regarding the surface heat fluxes in the Red Sea (Bunker 1976 , Bunker & Goldsmith 1979 , Hastenrath & Lamb 1979 , Ahmad & Sultan 1987 , Tragou et al. 1998 , most of them referring to the main body of the Red Sea. However, a study by calculated the monthly variations in heat fluxes at the air-sea interface in coastal waters near Jeddah, Red Sea. The Red Sea possesses an irregular bottom topography. The coastline is bordered by shallow fringing reefs, the edges of which slope gently into lagoons bordered by an offshore barrier reef system (Morley 1975) . The basic shape is formed by a wave-built barrier on a gently sloping shoreline and is parallel to the coast. Current velocities in these lagoons are functions of size of the lagoon, its shape, size of the inlet and tidal range etc. Tides are of primary importance, providing periodic exchange. Wind stress plays a sometimes dominant but variable role, depending on the strength of the local tide and the characteristic wind speed (Sultan & Ahmad 1990 , Ahmad & Sultan 1992 .
The tides in the Red Sea are probably a combination of an independent oscillation of the water within the basin and a forced co-oscillation induced by the tides in the Gulf of Aden (Morcos 1970) . The independent oscillations are semidiurnal and of small amplitude. Towards the central part of the Red Sea the tidal range decreases (Edwards & Head 1987) ; at about 20 • N there is a nodal point. Between 19 • N and 21 • N the tidal currents are weak and variable. However, at the inlets of the coastal lagoons, the tidal currents may be as high as 1 m s −1 . But in the main body of the lagoons the currents are weak and vary depending on the spring-neap cycle and the variation in sea level.
The Red Sea level is strongly influenced by the rate of evaporation and balance between in-and outflowing water at Bab-el-Mandab. In winter the inflow exceeds the combined effect of outflow and loss by evaporation in spite of the fact that evaporation is higher in winter, at least in the central Red Sea . Consequently, the mean sea level rises over the entire Red Sea in winter. In summer the reverse occurs and mean sea level is lower (Morcos 1970 , Ahmad & Sultan 1993 , Smeed 2004 .
The use of some coastal lagoons as discharge areas for industrial and municipal waste and some others as sea water intakes for desalination purposes in Saudi Arabia makes an assessment of water column stability indispensable. Lying to the north of Jeddah (Figure 1 ), Rabigh Lagoon is over 17 km long and has an average width of about 4 km. Urban and industrial development has begun to exert an impact upon the lagoon's ecology. The objective of this study is to predict the water column conditions in Rabigh Lagoon. It is generally shallow but in some parts depths may reach about 20 m.
Water column potential energy change
The mean rate of change of the potential energy of the water column is applied to evaluate the water column condition, i.e. whether it is stratified or vertically mixed (Simpson & Hunter 1974 , Simpson et al. 1978 , Simpson & Bowers 1981 , Yanagi & Takahashi 1988 , Yanagi & Tamaru 1990 , Simpson 1997 . The potential energy 'v' is relative to the mixed conditions, and positive and negative signs are assigned to the term that increases and decreases water column mixing. The equation is:
The 1st term is the contribution of the surface heat flux, while the 2nd, 3rd and 4th terms are the respective contributions of fresh water discharge, tidal mixing and wind mixing.
As there are no river discharges in the area, only three factors -the balance of heat fluxes at the air-sea interface, tidal mixing and wind mixing -are considered.
Here, α is the thermal expansion coefficient, taken to be 3. ǫ is the efficiency of conversion from turbulence to potential energy for tidal mixing ≈ 0.015 and is calculated from ǫ = 3π α g Q 8ρ k ′ c p H u 3 (Simpson & Hunter 1974 , Bowden 1983 , where k ′ is the modified drag coefficient from bottom to surface, and log H u 3 varies from 2 to 3;
ρ w is the density of sea water ≈ 1026 kg m −3 ; u t is the tidal current velocity [m s −1 ];
δ is the coefficient of conversion of turbulent to potential energy, as wind mixing depends on the wind speed, and is ≈ 0.039 (Buranapratheprat et al. 2008) . Bowden (1983) considers that the efficiency of mixing falls as stratification increases, implying that δ will be higher when the stratification starts to develop; Various studies relating to water column conditions have been carried out in different areas. Holloway (1980) considers thermal stratification in a water body subjected to atmospheric heating and wind-induced vertical mixing. Simpson et al. (1990) discuss how buoyancy input as fresh water exerts a stratifying influence in estuaries and adjacent coastal waters. Liu (2007) found that, in the Bohai Sea, stratification comes into existence in April, peaks in July and decays towards October. Buranapratheprat et al. (2008) discuss the water column conditions in the upper Gulf of Thailand based on surface heat flux, river discharge, tidal and wind mixing. They show that stratification develops in May because of surface heating and is dominant in October due to the large river discharge.
Data sources and analysis
Monthly variations of the surface heat fluxes are taken from and the results are reproduced in Figure 2 along with the net surface heat flux. Wind speed data (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) for Jeddah airport are provided by PME (Presidency of Meteorology and Environment) of Saudi Arabia. The monthly averages of wind speed are plotted in Figure 3a . The hydrographic data and the tidal current speeds are from Ahmad et al. (1997) . The measured tidal current velocities are also plotted in Figure 3b and the temperature and salinity for the months of April and September 1997 for three stations are shown in Figure 4 . and the seasonal variations of the mean sea level in the Red Sea. The tidal currents at the inlet were faster owing to the narrowness of the entrance. When the net heat at the air-sea interface Q < 0, from November to March (Figure 2) , then the potential energy due to the surface heat flux will not contribute to stratification and the water column is mixed. When the heat balance Q > 0, surface heating will contribute to stratification and tidal and wind mixing will be opposed, so stratification will depend on their net contribution. The calculations are therefore made for April to October only. The net surface heat flux at the air-sea interface from April to October, as well as the tidal current velocities and the wind speeds for this period are listed in Table 1 . Based on this data dv dt is computed for surface heat flux, tidal and wind mixing terms. The values are given in Table 2 along with the net changes in potential energy.
From the hydrographic data at three stations in the Rabigh Lagoon (Ahmad et al. 1997 ) the change in the heat content of the water column from mid-April to mid-September was calculated as n i=1 ρ i c pi t i dz i , where dz is the depth interval. The average change in heat content over 5 months is 3.3 × 10 8 J. For the same period the heat input at the air-sea interface is 2 × 10 8 J, which is about 40% less than the change in the heat content of the water column. This indicates that heat is advected to the deeper water from shallow parts of the lagoon.
Error analysis
In general it is assumed that where the standard deviations of the individual terms are not available, a 20% variation is considered: ǫ = 0.015 ± 0.003, K b = 2.5 × 10 −3 ± 0.5 × 10 −3 , u t = 0.2 ± 0.04, δ = 0.039 ± 0.0078, γ = 0.0212 ± 0.00424, K s = 1.87 × 10 −3 ± 0.374 × 10 −3 .
The uncertainties in the calculated values are due to the choice of the coefficients and to the errors that are inherent in oceanographic and meteorological data. The standard deviations in 
where s is the standard deviation, γ is the dependent variable and x, y, z are independent variables.
Results and discussion
Variations in water column conditions are investigated by considering three forcing factors, namely, surface heat flux, wind and tidal mixing. The effect of wind mixing (positive dv dt ) changes from 0.044 × 10 −3 kg s −1 in October to 0.116 × 10 −3 kg s −1 in June, whereas the contribution of tidal mixing varies from 0.055 × 10 −3 kg s −1 in October to 0.131 kg s −1 in July. The balance of the surface heat flux Q is positive (downwards) from April to October and negative (upwards) from November to March. Surface heating contributes to stratification. Tidal and wind mixing act in opposite directions, so stratification will depend on their net contribution. The dv dt due to the net surface heat flux at the air-sea interface varies from −0.079 × 10 −3 kg s −1 in July to −0.189 × 10 −3 kg s −1 in September. The net dv dt is positive from April to August, which will not favour stratification of the water column. However, in September-October dv dt is somewhat negative, which may favour a slight stratification. In general it seems that the water column will remain almost mixed throughout the year.
The change in heat content, 3.3 × 10 8 J, of the water column from mid-April to mid-September is about 40% higher than the heat input, of 2.0 × 10 8 J, at the air-sea interface for the corresponding period. This shows that the heat energy from the shallower parts of the lagoon is advected to the deeper parts.
